Abstract A finite difference time domain (FDTD) method is used to numerically study the power absorption of broadband terahertz (0.1 ∼ 1.5 THz) electromagnetic waves in a partially ionized uniform plasma layer under low pressure and atmosphere discharge conditions. The power absorption spectra are calculated numerically and the numerical results are in accordance with the analytic results. Meanwhile, the effects on the power absorption are calculated with different applied magnetic fields, collision frequencies and electron number densities, which depend strongly on those parameters. Under the dense strongly magnetized plasma conditions, the absorption gaps appear in the range of 0.3 ∼ 0.36 THz, and are enlarged with the increasing electron number density.
Introduction
Many investigations into the interaction between electromagnetic (EM) waves and plasmas have been made because of its important applications in plasma physics [1∼12] , particularly the applications to the power absorption of microwaves (<100 GHz) in atmosphere pressure discharge and low pressure discharge [10∼17] . With the development of intensive terahertz sources, some viable opportunities have been provided to investigate the interaction between plasma and EM waves in the range of terahertz (0.1 ∼ 1.5 THz). A wide range of potential applications will also be found in plasma diagnostics, tokamaks, wakefield accelerators, radiation source based laser-plasma interactions, and conventional gas laser plasma [18] . JAMISON et al. experimentally studied the interaction characteristics between terahertz EM waves and a low pressure He discharge plasma [18] . YUAN et al. made a theoretical analysis on the power absorption of the problem with Appleton's plasma model [19] . To further investigate the problem, numerical methods such as the FDTD method can be used because numerical methods can describe and concretize the problem more realistically than theoretical ones. In this work, we calculate the power absorption spectra with the FDTD algorithm, compare the simulation absorption spectra with YUAN's results, and further study the effect of partially ionized plasma on the power absorption of broadband terahertz EM waves with an applied magnetic field under the atmosphere discharge dense plasma conditions. The absorption gaps are also calculated and analyzed with some particular parameters.
Model
The schematic diagram of terahertz EM waves propagation in a plasma layer is shown in Fig. 1 . We assume that a uniform partially ionized helium plasma layer with a thickness of d is collisional and cold, and is in a steady state. A plane terahertz EM wave is incident normally from the air into the plasma layer, and is reflected at the two interfaces (z = 0, d), absorbed in the plasma and transmitted at the right side of the interface z = 0. To better show the multi-reflection, an oblique incident angle is drawn intentionally in Fig. 1 . An external magnetic field B 0 is applied along the z axis direction. In partially ionized magnetized plasmas, ions are scarcely responsive to the high frequency electric field and are hardly magnetized in an external magnetic field, since the inertia of ions (the positive ion H + e ) is three to four orders of magnitude heavier than that of electrons. Consequently, we can use the ions as a fixed background approximation in finite thickness slab plasma, and the momentum equation for electrons can be written as
where e is the element charge, m e and V e are the electron mass and speed, respectively. We only consider the collision between electrons and neutral gas, so the reference range of collision frequencies ν en can be taken into account as [20] 
where n e is the electron number density, σ en is the collision cross section between electrons and neutral gas, C e is the electron thermal velocity, R is the correlative coefficient.
Consider that there are no polarization charges and currents, the Maxwell propagation equations describing the terahertz EM waves in the plasma slab can be written as
where E and H are the electric and the magnetic field strengths, ε 0 and µ 0 are permittivity and permeability in vacuum, respectively, and J is the current density of plasma, which can be written as
Under the plane simple harmonic EM wave assumption, the waves, which propagate along the z-axis direction, only have the electric field component E x and the magnetic field component H y . By using the FDTD algorithm to Eqs. (1)∼(5), a stable central difference approximation suitable for numerical simulation can be derived [21] . In the simulation, we choose the space and time step as z = d/N z , t = 0.5z/c 0 , where N z = 6500 is the grid number in plasma, and c 0 is the speed of light in vacuum.
Simulation results
Firstly, to benchmark our FDTD code, we repeat the theoretical calculation following YUAN's theoretical work [19] , and the same parameters are chosen as in JAMISON's experiment [18] and YUAN's theoretical work [19] (that is, plasma density n = 7.9 × 10 18 m −3 , slab thickness d = 0.15 m, B 0 =0 T, collision cross section σ en =10 −20 m 2 , electron temperature T e =3000 K, with a given ν en = 0.16 THz). Fig. 2 shows the FDTD simulation (solid line) and the theoretical calculation (dashed line) absorption spectra vs. the terahertz EM wave frequency (0.1 ∼ 1.5 THz), respectively. It can be seen that the FDTD simulation absorption spectra accords with YUAN's under the low pressure discharge conditions. The characteristic "ringing" [13] of the absorption spectra appears in the frequency range of 0.8 ∼ 1.5 THz. Fig.2 Power absorption spectra, in terms of the ratio of the absorbed power to the incident power vs. the terahertz EM wave frequency for theoretical results and FDTD results.
In the atmosphere discharge conditions, the electron number density can be two to three orders more than that in low pressure conditions, and affect the process of terahertz EM waves' absorption as another important factor. Fig. 3 shows the power absorption spectra, in terms of the ratio of the absorbed power to the incident power vs the terahertz EM wave frequency (0.1 ∼ 1.5 THz) with B = 0, 5, and 8 T, d = 0.1 m, ν en =0.08 THz in the case of (a) n e =0.1 × 10 20 m −3 , (b) n e =1.0 × 10 20 m −3 . We can see that the decreasing electron density can shorten the absorption band width and move the peak to the low frequency band, and the applied magnetic field can enlarge the absorption band width and move the peak to the high frequency band. With the applied magnetic field B, the curves have two peaks in both cases. The left one is caused by the electron cyclotron resonance (ECR) absorption, and the right one is mainly caused by the resonance absorption of the upper hybrid frequency band [7, 15] . The effects of the collision frequency on the absorption are shown in Fig. 4(a) for n e =0.1 × 10 20 m −3 and (b) for n e =1.0 × 10 20 m −3 , with B = 10 T, ν en =0.06, 0.08, 0.1, 0.12, and 0.5 THz. We can see that the increasing collision frequency broadens the absorption band width to a wide frequency band. In the case of ν en =0.5 THz in Fig. 4(b) , the two peaks merge into one complete absorption broadband, and are also mainly induced by the resonance absorption of the upper hybrid frequency band. In each case of ν en =0.06 ∼ 0.12 THz in Fig. 4(b) , there is an absorption gap between the two peaks, and it is very interesting that the depth of the gap increases with the increasing of the electron number density, compared obviously with Fig. 4(a) . Fig. 5 shows the power absorption spectra for different incident frequency EM waves, in terms of the ratio of the absorbed power to the incident power vs. the collision frequency. A different optimum collision frequency exists for each incident wave frequency. Beyond that optimum value, the absorption is decreased with the increasing collision frequency. The results are in accordance with the situation of a GHz frequency range [6, 22] . To investigate the effects of the electron number density on the power absorption gap, we set the changed parameters as ν en =0.1 THz, B = 10 T, with dense plasma n e =2 ∼ 10 × 10 20 m −3 . Fig. 6 shows that with the increasing of n e , the depth of the absorption gap between 0.3 ∼ 0.36 THz is reduced from 0.72 to 0.21, the width of the gap is enlarged, and the right absorption peak is also enlarged and moved to the high frequency range, while the maximum of the left absorption peak is reduced from 1.0 to 0.95. Therefore, it is not always an effective way to enhance the absorption in some particular frequency range by raising the electron number density alone. 
Conclusion
In summary, the power absorption characteristics of broadband terahertz EM wave propagation in a partially ionized magnetized plasma are numerically investigated by using the FDTD algorithm, and compared with theoretical results in the range of 0.1 ∼ 1.5 THz. The result shows that the absorption depends strongly on the applied magnetic field, the collision frequency and the electron number density. With some particular parameters, absorption gaps are obtained in the frequency range of 0.3 ∼ 0.36 THz. To merge the gaps and enlarge the absorption, it is an effective method to raise the collision frequency and the applied magnetic field together with the increased electron number density.
(Manuscript received 6 August 2011) (Manuscript accepted 18 November 2011) E-mail address of corresponding author LIU Yue: liuyue@dlut.edu.cn
